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Abstract 
A tidal bore is a compressive wave, advancing upstream in an estuary when the flood tidal flow starts. It is 
observed when a macro-tidal flood flow enters the funnel shaped river mouth with shallow waters. Its upriver 
propagation impacts the natural system, with sediment scouring and suspension. The tidal bores of the 
Garonne and Sélune Rivers in France were extensively investigated between 2010 and 2016. Instantaneous 
velocity measurements were conducted continuously at high-frequency (50 to 200 Hz) during each bore 
event. In the Garonne River, instantaneous sediment concentration data were obtained and the sediment 
properties were systematically tested. The nature of the observations was comprehensive, regrouping 
hydrodynamics and turbulence, sedimentology and suspended sediment transport. The key outcomes show 
that the tidal bore occurrence has a marked effect on the velocity field and suspended sediment processes, 
including a sudden flow deceleration and flow reversal during the bore passage. The turbulent Reynolds 
stresses present large instantaneous amplitudes, with rapid fluctuations, during the tidal bore. The sediment 
flux data imply considerable mass transport rates during the first hour of flood tide. This unique review of 
field data further shows a number of common features, as well as the uniqueness of each individual event. 
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1. INTRODUCTION 
While laboratory experiment could generate specific "unnatural" flow, nature can create some unlogical flow 
phenomena that may occur under specific conditions. Tidal bore is one of this famous unexpected 
phenomena: a wave front that flow agains the initial mean stream of a river. A tidal bore is basically a water 
surface discontinuity, i.e. compression wave, propagating upstream in the estuary (Fig. 1). It may take place 
under large tidal range conditions, in a funnelled shaped estuary which bathymetry amplifies the energy of 
the tide flowing upstream against the river flow. A hydrodynamic shock then occurs, generating a bore 
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propagating inland as the river flow reverses upstream, behind the compression wave (LYNCH 1982, 
CHANSON 2011a). Historically, the best documented tidal bores have been those of the Seine River 
(France) and Qiantang River (China). Although it no longer exists in its most energetic and spectacular form, 
the "mascaret" (tidal bore) of the Seine River was documented first during the 7th and 9th centuries AD 
(MALANDAIN 1988). Records of the Qiantang River bore may be traced back to the 7th and 2nd centuries 
BC, with further writing from the 8th century (MOULE 1923) (Fig. 1A & 1B). Another famous tidal bore is 
the "pororoca" of the Amazon River (Brazil), first reported by PINZON and LA CONDAMINE during the 
16th and 18th centuries respectively (LA CONDAMINE 1745, MANZANO MANZANO and MANZANO 
FERNANDEZ-HERDIA 1988). The Hoogly bore (Gange River in India) was described in 19th century 
historical nautical reports and is still active. Smaller tidal bores occur on the Severn River near Gloucester 
(UK), on the Garonne and Dordogne Rivers (France), and in the Bay of Fundy (Canada). Worldwide, about 
300 to 450 shallow-water bays, estuaries and rivers are influenced by tidal bores (BARTSCH-WINKLER 
and LYNCH 1988, CHANSON 2011a). 
The upstream propagation of tidal bores may span over long distance and has a significant influence on the 
natural systems. Figures 1A and 1B illustrates the impact of tidal bores on artificial structures. While tidal 
bore surfing has become an extreme sport in a number of rivers (Fig. 1E & 1F), other bores have had 
ominous reputations, e.g. the Seine and Qiantang River bores. Along the Qiantang River, numerous tidal 
bore warning signs are erected (Fig. 2), with over 80 drownings in the bore for the past two decades (PAN 
and CHANSON 2015). The French novelist Jules VERNES described the terrifying impact of tidal bore: 
"pororoca, this terrifying tidal bore that, for three days before the new or full moon, takes only two minutes, 
instead of six hours, to rise the flood tide water elevation of about 4 to 5 m above the low water level. It is a 
real tsunami, terrible among all." (VERNES 1881). The bore propagation provokes intense sediment 
transport, linked to erosion, solid suspension and upwelling (GREB and ARCHER 2007, CHANSON et al. 
2011, KEEVIL et al. 2015, FURGEROT et al. 2016) as well as interactions with sediment bed forms 
(KEEVIL 2016, REUNGOAT et al. 2017b). The flow field behind the tidal bore advects very high 
suspended sediment concentrations (SSCs), with observed concentrations in excess of 40 kg/m3 (FAN et al. 
2014, REUNGOAT et al. 2017). In cohesive sediment estuarine and coastal zones, the erosional and 
scouring processes leading to landforms modifications are functions of the rheological characteristics of the 
sediment deposits (FAAS 1995, KEEVIL et al. 2015). Field observations in tidal bores hinted a two-stage 
bed scour mechanism at each event: first surface bed erosion in the form of surface peeling, followed by 
delayed mass erosion (POUV et al. 2014, REUNGOAT et al. 2017). 
At present, in situ tidal bores measurements are relatively rare and scarce data is available. Early 
observations in China, France and UK mentioned the bore shape and arrival time. The earliest detailed 
measurements are possibly those of PARTIOT in the Seine River, including water elevations and float 
speeds (PARTIOT 1861, BAZIN 1865). In the last 50 years, a limited number of field studies were 
conducted. Table 1 presents a summary. All studies emphasised the massive impact of the bore passage. In 
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several cases, substantial losses of equipments and damage to instrumentation were reported (KJERFVE and 
FERREIRA 1993, SIMPSON et al. 2004, WOLANSKI et al. 2004). 
The tidal bore of the Garonne River (France) was comprehensively investigated between 2010 and 2016 as 
part of the Project Mascaret ANR-10-BLAN-0911. In addition, a field study was investigated in the Sélune 
River (France). The nature of the field observations was thorough, including hydrodynamics and turbulence, 
suspended sediment transport and sedimentology. The aim of the paper is to review the key outcomes of the 
project, spanning over several years of observations and measurements, as well as developing a basic 
understanding of tidal-bore-affected estuarine zones in terms of temporal evolution of suspended sediment 
processes correlated to hydrodynamics, based upon large-scale field observations. A review of field data 
further shows a number of features common to all tidal bores, as well as some unique characteristics of each 
individual event. 
 
2. FIELD DEPLOYMENTS 
2.1 In situ experiments in macro-tidal estuaries  
Field measurements were conducted in two different systems in France, with semi-diurnal tides: the Garonne 
River upstream of Bordeaux, and the Sélune River at Pointe du Grouin du Sud, Bay of Mt St Michel. The 
first site was the Arcins channel (Fig. 3A) about 102 km upstream of the river mouth. The Arcins channel is 
a 1.8 km long and 70 m wide, and the water depth is about 1.1 m to 2.5 m at low tide (Fig. 4A). The second 
site was located at the end of the Bay, about 500 m downstream of the confluence of the Sélune and Sée 
Rivers. The channels in the Bay change with time. During the field study, the main channel is about 35 m 
wide, with less than 0.5 m water depth at low tides, while the flood tide flow submerged all the sand banks, 
the channel width exceeding 2 km during the flood and early ebb tide (Fig. 3B & 4B). Figure 3 presents 
photographs of the sites and Figure 4 shows the surveyed cross-sections, looking downstream. 
Field observations took place predominantly during spring tides. All field deployments took place between 
June and November, when the river water levels were relatively low. Table 2 summarises the site, dates and 
tidal range (2nd, 3rd and 4th column). In Table 2, the initial water depth is listed in the 9th column (prior to 
the tidal bore passage). 
 
2.2 Instrumentation 
Free surface elevations were recorded using a survey staff, placed 2 m away from the velocimeter to 
minimise any form of interference. During each bore passage, a video camera was used to record the rapid 
change in water levels. The instantaneous velocities were recorded with an acoustic Doppler velocimeter 
(ADV) sampled continuously at a frequency of 50 to 200 Hz depending upon the field deployment. The 
ADV recordings started more than 1 h before the the bore and continued for more than 1 h after the bore 
passage. All the ADV data were rigorously post-processed to eliminate any wrong and spurious data. 
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In the Garonne River, water samples were collected at low tide on most days, for sediment bed and sediment-
laden investigations. The bed material was composed of about 80% silt. Samples were analysed in terms of 
material density, granulometry, and rheometry using a well-established protocol (CHANSON et al. 2011, 
KEEVIL et al. 2015). The ADV unit was calibrated as a function of suspended sediment concentration (SSC) 
against known, artificially produced diluted concentrations of material collected on bed site and thoroughly 
mixed. The SSC estimates were successfully compared to water sample data (KEEVIL et al. 2015, 
REUNGOAT et al. 2017). 
 
3. OBSERVATIONS 
In the Arcins channel, the tidal bore formed at the entrance of the channel, i.e. the northern end (Fig. 3C). 
The bore propagated as a breaking surge across the entire river width, initially, as it advanced over a very 
shallow bar consisting of gravel, sand and mud. As the bore advanced, it became an undular bore owing to 
the deeper bathymetry (Fig. 3A) and propagated for the full length of the channel. At the sampling site 
(marked in Figure 3C), the tidal bore was undular: a series of free-surface undulations, with a wave period 
close to a second, followed the leading front and lasted for several minutes. The bore appearance is observed 
to differ in the Bay of Mt St Michel. The tidal bore occurred about 15 minutes before reaching the sampling 
location. The breaking bore presented a marked roller with a curved shape, viewed in elevation (Fig. 3B). In 
the far background towards the left side of the channel (Fig. 3B), the bore front propagated and overtopped 
on the dry sand banks and the waters were dark. 
A key feature of all tidal bore is the rapid rise d in free-surface elevation, when the bore front passed. 
Typical data are reported in Table 2 (12th column). The equations of conservation of mass and momentum 
may be developed in their integral form across the bore front. The result is an analytical solution in terms the 
ratio of conjugate cross-section areas A2/A1 as a function of the Froude number Fr1 and cross-section shape 
(CHANSON 2012): 
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where A1 is the initial cross-section area, A2 is the new cross-sections area: A2 = A1 + A immediately 
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with d1 and d2 the initial and new water depths. The tidal bore Froude number Fr1 is defined as: 
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with V1 being the late ebb flow velocity (positive downstream), U being the bore celerity (also positive 
upstream), and g being the acceleration of gravity. Field observations are reported in Figure 5A. The present 
data are compared to Equation (1) (open circles) and previous field data. In addition, the Bélanger equation is 
included: 
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although Equation (5) is only valid for a smooth rectangular channel. Figure 5A shows a satisfactory 
agreement between Equation (1) and in situ observations. The data are further reported in Table 2. 
All field observations showed that the bore shape was related to the Froude number (PEREGRINE 1966, 
CHANSON 2011a). A bore with a breaking front and marked roller was observed for Fr1 > 1.5 to 1.7. For 
1.3 < Fr1 < 1.5-1.7, the bore was undular with limited breaking: it was also called a breaking bore with 
secondary waves. And an undular bore, without breaking, was observed for Fr1 < 1.3. A key aspect of 
undular bores was the smooth front followed by some secondary wave motion. Dimensionless wave 
amplitude and wave length data are plotted (Figures 5B and 5C), as well as listed in Table 2. In Figures 5B 
and 5C, the present data are compared to past field data and analytical solutions: i.e., linear wave theory 
(LEMOINE 1948) and Boussinesq equations (ANDERSEN 1978). All undular bore data showed that the 
dimensionless wave amplitude aw/(A1/B1) increased with increasing Froude number for 1 < Fr1 < 1.3 to 1.4 
(Fig. 5B). The maximum wave amplitude corresponded to the appearance of wave breaking at the first wave 
crest. For Fr1 > 1.3 to 1.4, the observations presented a trend with decreasing wave amplitude with increasing 
Froude number. For all Froude numbers, the undular wave length decreased with increasing Froude number, 
as seen in Figure 5C. Overall the entire field data were relatively close, and the data trend was consistent 
with laboratory data and theoretical solutions. 
A key feature of all field measurements conducted as part of the project MASCARET (Table 1) was the high 
temporal resolutions with continuous high-frequency water surface elevation and velocity measurements, 
starting prior to the tidal bore and extending for at least one hour after the bore passage. The results showed a 
sharp flow deceleration associated with the bore passage, together with rapid and large fluctuations during 
and after the bore. Figure 6 presents a typical example for the Garonne River undular bore, and Figure 7 
presents some observation in the Sélune River breaking bore. Figure 6A shows about a three-hour record of 
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water depth and horizontal velocity component around the bore passage. Figures 6B and 7 present the 
temporal evolutions of water depth and all three velocity components during the bore front. Both graphs 
illustrate the rapid and large fluctuations of all three velocity components immediately after the surge 
passage, with both undular (Fig. 6B) and breaking (Fig. 7) bores. 
The passage of the tidal bore front is always associated with a sharp rise in water level. The tidal bore is a 
shock, as it is a sharp discontinuity in terms of flow depth, pressure, velocity and shear stress. The front is 
immediately followed by large and long-lasting fluctuations of water depth, as well as both velocity and 
shear stress. All velocity data exhibited a fast deceleration during the passage of the bore, as illustrated in 
Figures 6 and 7. In Figure 6B, the longitudinal deceleration is about -0.35 m/s2 at 18:52 on 1 September 
2015. For comparison, the deceleration was -1.6 m/s2 in the breaking bore of the Sélune River (Fig. 7). 
Except on 7 June 2012 (see below), the bore passage was associated with an immediate change in flow 
direction: i.e., Vx < 0 after the bore. The passage of the bore was further associated with relatively-long-
period oscillations superposed to high-frequency turbulence. The former was linked to the generation of 
large-scale coherent vortices and their upstream advection behind the tidal bore. 
The unsteady turbulent flow motion exhibits large instantaneous turbulent Reynolds stresses beneath the 
bore front and very-early flood tide motion. In the Garonne and Sélune River tidal bores, the data indicated 
maximum instantaneous normal shear stresses in excess of 150 Pa and maximum instantaneous tangential 
stress magnitudes up to 100 Pa. The instantaneous turbulent shear stresses exceeded the critical threshold for 
motion and transport of fine cohesive and non-cohesive sediments. Large scale eddies played a key role for 
sediment pick-up and saltation, and sediment motion driven by convection occurred because the turbulent 
length scale was much larger than the sediment characteristic dimension (NIELSEN 1992, CHANSON 
1999). 
All field data systematically highlighted the intensity of turbulent mixing induced by tidal bores, combined 
with accretion and deposition of sediments in the upper estuarine zones. This was evidenced by the hyper-
concentration of the flow immediately after the tidal bore passage (CHANSON et al. 2011, KEEVIL et al. 
2015, FURGEROT et al. 2016, REUNGOAT et al. 2017). Typical suspended sediment concentration (SSC) 
data are plotted in Figure 8A, showing time variations of instantaneous SSC estimates, derived from ADV 
signal amplitude, and SSC data measured from water samples collected during the study. For the same tidal 
bore event, Figure 8B presents the characteristic grain sizes of the sediment suspensions. In Figure 8, the 
passage of the bore and rapid flow deceleration are followed by large suspended sediment levels, with 
comparable results between water samples collected at the water surface and SSC estimate recorded in the 
water column. The SSC estimate record shows further rapid and large fluctuations in sediment 
concentrations. During the early flood tide, i.e. 0 < t-Tbore < 2 hours, visual observations highlighted intense 
interactions between turbulence and sediment advection, with fascinating patches of sediment upwelling at 
the free-surface, originating from the bed. The boundaries of each patch were well defined, with a sharp 
concentration gradient across the interfaces, and the mixing occurred very slowly as the differences in colour 
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can be observed. The sizes of surface structures and scars would vary from 0.1 m to 10 m in the Arcins 
channel, which is 70 m wide. Once reaching the free-surface, these patches were then transported upstream 
by the flood tide motion. 
 
4. DISCUSSION 
The present field observations, combined with personal tidal bore observations by the authors in several 
other systems, showed a number of common features to all tidal bores in natural systems. At the same time, 
these observations revealed specific features, rarely seen in laboratory, as well as the uniqueness of each 
event, with both spatial and temporal evolutions. 
A tidal bore is basically generated by a large tidal range, with longitudinal maximum (tidal range) greater 
than 4 m to 6 m in the estuarine zone (TRICKER 1965, CHANSON 2011a). The development and onset to 
tidal bore can be modelled by shallow water equations including the Saint-Venant equations and the method 
of characteristics (BARRÉ de SAINT-VENANT 1971a,b, LIGGETT and CUNGE 1975). At a given instant, 
the tidal bore is the most upstream extent of the food tide in a tidal bore affected estuarine zone. A tidal bore 
is never observed during the ebb tide. Physically the bore is a positive surge, compression wave, and 
hydraulic jump (in translation) characterised by a net mass flux during the bore passage (TRICKER 1965, 
LIGHTHILL 1978). The momentum and continuity principles may be applied in an integral form to a control 
volume in translation with the bore front (HENDERSON 1966, LIGHTHILL 1978, LIGGETT 1994, 
CHANSON 2012). The application to the bore front provides a relationship between the initial flow 
conditions, new flow conditions and bore celerity (Eq. (1)). 
For a breaking bore, the bore celerity is not truly constant, but it constantly fluctuates about a mean value 
(LENG and CHANSON 2015a). The fluctuations in bore celerity are large in both transverse and 
longitudinal directions, with ratio of standard deviation to mean value greater than unity. The bore roller toe 
perimeter fluctuates rapidly with time and space: that is, it is not a straight line in both laboratory and field 
(CHANSON 2016, WANG et al. 2017). A breaking tidal bore creates further a loud roaring noise that can be 
heard from far away (MOORE 1888). Noises are generated near the banks and in the breaking roller. It is 
believed that air entrapped and entrained in large scale structures of the roller are acoustically active and 
contribute to the rumbling sound generation (CHANSON 2009,2016). 
The tidal bore propagation induces some very strong mixing (HORNUNG et al. 1995, CHANSON et al. 
2011). Tidal bores have a major impact in terms of sediment transport (SIMPSON et al. 2004, FURGEROT 
et al. 2016), as documented in situ and in laboratory (KHEZRI and CHANSON 2012,2015, FURGEROT 
2014, KEEVIL et al. 2015), including with losses of equipment buried beneath the bed sediments after the 
bore passage. 
 
REUNGOAT, D., LUBIN, P., LENG, X., and CHANSON, H. (2019). "Tidal Bore Hydrodynamics and Sediment 
Processes: 2010-2016 Field Observations in France." Coastal Engineering Journal, Vol. 60, No. 4, pp. 484-498 (DOI: 
10.1080/21664250.2018.1529265) (ISSN 0578-5634). 
 
8 
Specific features in natural systems 
In the field, a tidal bore is a multiphase flow. The bore motion is a three-phase flow: liquid (water), solid 
(sediment) and gas (air), as illustrated by numerous photographs and illustrations (Fig. 1). The three-phase 
nature of tidal bore flow was never accounted for, and the scientific literature is limited (CHANSON 2013, 
LENG and CHANSON 2015b). Most tidal bore occurrences are characterised by large sediment load and the 
turbulent processes in sediment-laden ﬂows becomes a relevant factor (JHIA and BOMBARDELLI 2009). 
To date, the three-phase ﬂow with high sediment and air content has never been investigated, despite the 
high practical relevance to tidal bore motion. 
During the bore passage and immediately after, the very early flood tide flow is a form of hyper-concentrated 
flow, with suspended sediment concentrations (SSCs) between 5 kg/m3 to 120 kg/m3. Such SSC levels would 
correspond to volume concentrations between 0.2% and 4.6%. With bentonite suspensions with 2% volume 
concentration, CHANSON et al. (2006) demonstrated a non-Newtonian thixotropic ﬂow behavior during 
both dam break wave experiment and rheometry tests. Based upon direct magnetic resonance imaging (MRI) 
tests, COUSSOT and OVARLEZ (2010) clearly showed a non-Newtonian thixotropic behavior with 
bentonite suspensions with volume concentrations from 3% to 7%. During tidal bore ﬁeld studies, detailed 
observations in the Garonne River indicated high SSC levels and rheological data, which combined to 
suggest a non-Newtonian ﬂow behaviour (CHANSON et al. 2011, REUNGOAT et al. 2014,2017, KEEVIL 
et al. 2015). Such hyper-concentrated non-Newtonian flow behaviour was rarely documented and never 
accounted for in modelling. Suspended sediments are believed to be one cause of repeated instrumentation 
issues. With ADV systems, the importance of settings on velocity signal quality were reported by 
CHANSON et al. (2010), MOUAZE et al. (2010), FURGEROT (2014), while REUNGOAT et al. (2016) 
documented the effects of ADV power settings on SSC estimate calibration. 
During a given flood tide, the tidal bore presents unique features at each site along the estuary. Spatial-
variations of a tidal bore are very common during a flood tide. The bore shape changes in response to 
changes in bathymetry in natural channels. This aspect is well documented in well-known systems 
(ROWBOTHAM 1983, CHANSON 2011a). This aspect is rarely observed in laboratory albeit a few 
exceptions (CHANSON 2011b, KIRI et al. 2017). Further, at a given site, a tidal bore appearance changes 
from flood tide to flood tide and the bore may exhibit distinctively different features. Small diurnal 
inequality can also induce substantial changes in the bore appearance and properties. 
During field studies, a number of unusual observations were documented. These include some delayed flow 
reversal, for example, in the Seine River (BAZIN 1865), in the Rio Mearim, Brazil (KJERFVE and 
FERREIRA 1993), in the Garonne River in June 2012 (REUNGOAT et al. 2014). In these situations, the 
flow direction reversal took place a minute to a few minutes after the passage of the bore front. Other 
anecdoctic observations were report of 'backward' bores and bore collision. The former means tidal bores 
propagating downstream, which might sometimes impact onto incoming bores. These processes were 
observed in braided channels, when the tidal bore in one channel would travel faster than in another, enter 
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the upstream end of the other channel, and travel downstream. 'Backward' bores were well-documented in 
the Garonne River at Arcins (REUNGOAT et al. 2014,2016, KEEVIL et al. 2015), as well as observed in the 
Severn River, UK (ROWBOTHAM 1983), Trent River, UK (JONES 2012, Pers. Comm) and Digul River, 
Indonesia (COLAS 2015, Pers. Comm.). A man-made bore collision occurred in the Petitcodiac River 
(Canada) when an upstream reservoir release propagated downstream, colliding frontally with the incoming 
tidal bore (CBC News 2013, LEBLANC 2013, Pers. Comm.). BESTEHORN and TYVAND (2009) 
proposed an analytical solution. In the Garonne River field studies, this 'backward' bore did not produce any 
detected change in the sediment transport (Fig 6B). During the very early flood tidal flow, the sediment 
transport would continue to flow upstream, in addition to very-localised sediment bursting in the deeper 
sections of the channel. The latter produced sediment flocs flowing up to the free-surface, typically within 
the first hour after tidal bore passage. 
At a given site, the successive occurrence of tidal bores over several consecutive days may yield a 
progressively broader grain size distribution, as well as some increase in median sediment size from day one 
onwards (REUNGOAT et al. 2017). This is associated with a gradual increase in initial mean SSC estimate 
prior to the bore. The initial river bed scouring by the tidal bore, and deposition occurring subsequently 
during the late flood tide and ebb tide, can contribute to longitudinal sediment mixing between all sediments 
sources, thus modifying over time the bed material composition. 
 
5. CONCLUSION AND FUTURE RESEARCH 
Recent in situ observations prove that the tidal bore Froude number is a most defining criterion of analysis. 
Field measurements indicate large fluctuations in bore celerity in transverse and longitudinal directions, 
which were rarely documented until very recently. Very-large instantaneous Reynolds stresses are 
consistently observed during and shortly after tidal bores, with amplitudes up to 150 Pa. These shear stress 
amplitudes are one to two orders of magnitude larger than the critical threshold for sediment pick-up and 
motion, and sediment transport is always very intense behind tidal bores, generating hyper-concentrated 
flows.  
Even when common trends can be highlighted for tidal bores, all field observations confirm that very 
complicated and local flow features are associated with a tidal bore propagation, making each tidal bore 
almost unique and relevant to the place where it has been observed. Macro-turbulent events, likely induced 
by some secondary motion, are observed in natural rivers, induced by the bore front and flow reversal with 
some very-energetic turbulent events. The Garonne River morphology, like any other river, is very irregular, 
and large macro-recirculations are generated by meanders, which are then advected by the river stream. 
Moreover, the three-dimensional bathymetry generates hydrodynamic structures at the bed, which can be 
related to kolk and boils or bursting events ejected upwards from the three-dimensional river bed macro-
irregularities. 
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10 
The three-phase nature of tidal bore flow has been well-documented by numerous photographs and movies. 
Future research should focus on the multiphase flow characteristics and the interactions between the three 
phases: liquid (water), solid (sediment) and gas (air). 
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Table 1 - Detailed field measurements in tidal bores 
 
Reference Initial flow Instrument Channel geometry Remarks 
 V1 d1    
 m/s m    
LEWIS (1972) 0 to +0.2 0.9 to 
1.4 
Hydro-ProductsTM type 451 
current meter 
Dee River (UK) near 
Saltney Ferry footbridge. 
Trapezoidal channel 
Field experiments 
between March and 
September 1972. 
NAVARRE (1995) 0.65 to 
0.7 
1.12 to 
1.15 
Meerestechnik-Electronik 
GmbH model SM11J 
acoustic current meter 
(sampling 10Hz) 
Dordogne River (France) 
at Port de Saint Pardon 
Width ~ 290 m 
Field experiments on 25 
& 26 April 1990. 
KJERFVE and 
FERREIRA (1993) 
  InteroceanTM S4 electro-
magnetic current meters 
(sampling: 1-2 Hz) 
Rio Mearim (UK) Field experiments on 19-
22 Aug. 1990 & 28 Jan.-
2 Feb. 1991. 
SIMPSON et al. 
(2004) 
0.1 ~0.8 ADCP (1.20 MHz) 
(sampling rate:1 Hz) 
Dee River (UK) near 
Saltney Ferry Bridge. 
Trapezoidal channel (base 
width ~ 60 m) 
Field experiments in 
May and September 
2002. 
WOLANSKI et al. 
(2004) 
0.15 1.5 to 4 NortekTM Aquadopp ADCP 
(sampling:2 Hz) 
Daly River (Australia). 
Width ~ 140 m 
Field experiments in July 
and September 2002, and
on 2 July 2003. 
FAN et al. (2012) -- -- ADCP (1.2 MHz) Daquekou, Qiantang 
River (China) 
Field experiments from 
30 April to 2 May 2010. 
FURGEROT et al. 
(2013) 
0.4 0.75 ADV NortekTM Vector 
(6 MHz) 
(sampling: 64 Hz) 
Sée River (France) 
Width ~ 22 m 
Undular bore on 7 May 
2012. 
XIE and PAN (2013) 2-2.8 2.0 ADCP Yanguan, Qiantang River 
(China) 
Width ~ 2-3 km 
Field experiments on 10-
11 October 2010. 
KEEVIL (2016) 0.05 to 
0.6 
~1.8 m ADCP Teledyne RDI Rio 
Grande (1.2 MHz)  
(sampling:1 Hz) 
& Midas ECM current 
meter 
Longney Sands, Severn 
River (UK) 
Field experiments on 9 
September 2014. 
TU and FAN (2017) -- -- ADV NortekTM Vector 
(6 MHz) (sampling: 64 Hz) 
& ADCP Teledyne RDI 
(1.20 MHz) (sampling: 0.1 
Hz) 
Daquekou, Qiantang 
River (China) 
Field experiments on 16 
to 25 October 2012. 
Mascaret project      
MOUAZE et al. 
(2010) 
0.86-
0.59 
0.15-
0.11 (*) 
ADV NortekTM Vector 
(6 MHz) 
(sampling: 64 Hz) 
Pointe du Grouin du Sud, 
Sélune River (France) 
Breaking tidal bores. 24 
-25 Sept. 2010. 
CHANSON et al. 
(2011) 
0.33-
0.30 
1.40-
1.43 (*) 
ADV NortekTM Vector 
(6 MHz) 
(sampling: 64 Hz) 
Arcins channel, Garonne 
River (France) 
Width ~ 76 m 
Undular tidal bores. 10-
11 Sept. 2010. 
REUNGOAT et al. 
(2014) 
0.68-
0.59 
2.0-1.94 
(*) 
microADV SontekTM (16 
MHz)  
(sampling: 50 Hz) 
 Weak undular tidal 
bores. 7 June 2012. 
KEEVIL et al. (2015) 0.26 1.32 (*) ADV NortekTM  Vectrino+ 
(10 MHz)  
(sampling: 200 Hz) 
 Undular tidal bore on 19 
October 2013. 
REUNGOAT et al. 
(2017) 
0.18-
0.29 
0.87-
1.50 (*) 
ADV NortekTM Vectrino+ 
(10 MHz)  
(sampling: 200 Hz) 
 Undular tidal bores. 29 
August-1 September 
2016 & 27 October 2015 
REUNGOAT, D., LUBIN, P., LENG, X., and CHANSON, H. (2019). "Tidal Bore Hydrodynamics and Sediment 
Processes: 2010-2016 Field Observations in France." Coastal Engineering Journal, Vol. 60, No. 4, pp. 484-498 (DOI: 
10.1080/21664250.2018.1529265) (ISSN 0578-5634). 
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REUNGOAT et al. 
(2017b) 
0.07-
0.09 
1.7 (*) ADV NortekTM Vectrino+ 
(10 MHz)  
(sampling: 200 Hz) 
 Undular tidal bores. 14-
15 November 2016 
 
Notes: d1: initial water depth (at sampling location); V1: initial flow velocity; (--): information not available; 
(*): equivalent depth A1/B1. 
REUNGOAT, D., LUBIN, P., LENG, X., and CHANSON, H. (2019). "Tidal Bore Hydrodynamics and Sediment Processes: 2010-2016 Field Observations in France." Coastal 
Engineering Journal, Vol. 60, No. 4, pp. 484-498 (DOI: 10.1080/21664250.2018.1529265) (ISSN 0578-5634). 
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Table 2 - Tidal bore properties in the Arcins channel (Garonne River, France) and La Pointe du Grouin du Sud (Sélune River, France) - Comparison with cross-
sectional and hydrodynamic properties of tidal bores during previous field measurements 
 
Reference River Date Tidal Bore Fr1 U V1 d1 A1 B1 d A B2 B B' A1/B1 B2/B1 B/B1 B'/B1 A2/A1 
   range (m) type  m/s m/s m m2 m m m2 m m m      
Garonne 2010 Garonne 10/09/10 6.03 Undular 1.30 4.49 0.33 1.77 105.7 75.4 0.50 39.4 81.6 78.5 76.7 1.40 1.083 1.042 1.018 1.37 
 River 11/09/10 5.8 Undular 1.20 4.20 0.30 1.81 108.8 75.8 0.46 36.0 81.6 78.2 77.5 1.43 1.076 1.032 1.021 1.33 
Sélune 2010 Sélune 24/09/10 9.8 Breaking 2.35 2.00 0.86 0.38 5.25 34.7 0.34 27.3 116.9 80.9 66.6 0.15 3.37 2.33 1.92 6.19 
 River 25/09/10 9.9 Breaking 2.48 1.96 0.59 0.33 3.56 33.2 0.41 31.3 117.0 77.3 65.7 0.11 3.53 2.33 1.98 9.79 
Garonne 2012 Garonne 
River 
7/06/12 5.68 Undular 
(very 
flat) 
1.02 3.85 0.68 2.72 158.9 79.0 0.45 36.71 84.3 81.6 82.4 2.00 1.067 1.033 1.043 1.233 
  7/06/12 5.5 Undular 1.19 4.58 0.59 2.65 152.3 78.7 0.52 42.24 84.3 81.2 81.8 1.94 1.071 1.032 1.040 1.278 
Garonne 2013 Garonne 
River 
19/10/13 6.09 Undular 1.27 4.32 0.26 2.05 85.6 65.0 0.30 19.8 67.0 65.8 65.7 1.32 1.031 1.013 1.011 1.231 
Garonne 2015 Garonne 29/08/15 5.85 Undular 1.18 4.23 0.29 1.685 101.4 67.6 0.338 23.24 69.9 68.9 68.4 1.50 1.034 1.019 1.012 1.23 
 River 30/08/15 6.17 Undular 1.34 4.25 0.21 1.25 72.8 64.3 0.470 30.72 67.4 65.4 65.5 1.13 1.048 1.017 1.019 1.42 
  31/08/15 6.22 Undular 1.70 4.79 0.18 1.122 56.6 65.1 0.496 33.30 69.5 67.2 66.7 0.87 1.068 1.032 1.025 1.59 
  1/09/15 6.04 Undular 1.38 4.45 0.22 1.28 74.9 64.5 0.440 29.07 67.6 66.1 65.6 1.16 1.048 1.024 1.017 1.39 
  27/10/15 6.32 Undular 1.33 4.61 0.22 1.24 88.0 65.9 0.480 32.23 69.1 67.2 67.0 1.34 1.049 1.019 1.017 1.37 
Garonne 2016 Garonne 14/11/16 6.01 Undular 1.07 4.26 0.07 0.86 118.1 70.3 0.50 37.79 74.0 71.6 71.1 1.68 1.053 1.018 1.012 1.30 
 River 15/11/16 6.09 Undular 1.10 4.44 0.09 0.99 122.3 71.5 0.33 23.7 73.5 71.8 31.2 1.71 1.028 1.004 0.437 1.19 
WOLANSKI et al. 
(2004) 
Daly River 2/07/03 ~6 Undular 1.04 4.70 0.15 1.50 289.3 129.2 0.28 36.4 130.9 130.1 129.3 2.24 1.013 1.007 1.001 1.13 
SIMPSON et al. (2004) Dee River 6/09/03 7.55 Breaking 1.79 4.1 0.15 0.72 39.3 68.3 0.45 31.4 72.8 70.4 74.1 0.58 1.066 1.030 1.085 1.80 
FURGEROT et al. (2013) Sée River 7/05/12 13.6 Undular 1.39 3.2 0.4 0.9 14.82 21.7 0.56 12.9 23.9 23.0 22.7 0.68 1.101 1.060 1.046 1.87 
 
Notes: A1: channel cross-section area immediately prior to the bore passage; B1: free-surface width immediately prior to the bore passage; d1: water depth next to 
ADV immediately prior to the bore passage; Fr1: tidal bore Froude number (Eq. (4)); U: tidal bore celerity positive upstream on the channel centreline; V1: 
downstream surface velocity on the channel centreline immediately prior to the bore passage; Italic data: incomplete data. 
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FIGURE CAPTIONS 
 
Fig. 1 - Tidal bore photographs 
(A) Tidal bore of the Qiantang River at Yanguan (China) on 23 September 2016 about 16:00 - Note the bore 
impact onto the Qiantang river Bore Observation Station (QBOS) 
the vertical sluice gate structure - Jiuxi is located about 58 km upstream of Yanguan 
(C) Tidal bore of the Sélune River at La Roche Torin, Bay of Mt St Michel (France) on 7 April 2004 
(D) Tidal bore of the Sélune River at Pontaubault, Bay of Mt St Michel (France) on 7 April 2004 - 
Pontaubault is located 7.5 km upstream of La Roche Torin and the tidal bore arrived 51 minutes later on that 
day 
(E) Undular tidal bore of the Dordogne River at Port de St Pardon (France) on 27 September 2008 afternoon 
- Note the kayakists on in front of second wave crest and the surfer riding ahead of the third wave crest 
(F) Undular tidal bore along the Canal à la Mer between Port de Brevands and Carentan (France) on 19 May 
2015 about 21:15 
 
Fig. 2 - Tidal bore warning sign along the Qiantang River at Laoyanchang (China) on 23 September 2016, 
with a policeman behind the sign (far right) 
 
Fig. 3 - Photographs of field experimental sites 
(A) Garonne River tidal bore in the Arcins channel (France) on 31 August 2015 afternoon 
(B) Sélune River tidal bore at La Pointe du Grouin du Sud, Bay of Mt St Michel (France) on 24 September 
2010 evening - La Pointe du Grouin du Sud is located 2 km upstream of La Roche Torin 
(C) Map of France and sketches of the channels of the Garonne and Sélune Rivers 
 
Fig. 4 - Surveyed channel cross-sections looking downstream - Bed elevation, free-surface elevation shortly 
prior to tidal bore and immediately after the bore front passage (conjugate depth) 
(A) Garonne River tidal bore in the Arcins channel (France) on 1 September 2015 
(B) Sélune River tidal bore at La Pointe du Grouin du Sud, Bay of Mt St Michel (France) on 25 September 
2010 
 
Fig. 5 - Free-surface characteristics of tidal bore field observations 
(A) Relationship between conjugate cross-sectional area ratio A2/A1 and Froude number Fr1: comparison 
between field observations (blue symbols), momentum principle solution for an irregular channel (Eq. (1), 
black hollow circles) and the Bélanger equation (Eq. (5), solid line) 
(B) Dimensionless wave amplitude aw/(A1/B1) of undular tidal bores - Comparison between field 
observations (Blue symbols, same legend as Fig. 4A), linear wave theory (LEMOINE 1948) and Boussinesq 
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equations (ANDERSEN 1978) 
(C) Wave length Lw/(A1/B1) of undular tidal bores - Comparison between field observations and Boussinesq 
equation (ANDERSEN 1978) (Same legend as Fig. 4B) 
 
Fig. 6 - Time-variations of water depth and instantaneous velocity components during the Arcins channel 
tidal bore on 1 September 2015 
(A) Water depth and longitudinal velocity - Surface velocities were recorded on the channel centreline - 
Green triangle (Backward bore) indicates time of passage of backward bore at sampling site 
(B) Velocity components about the passage of the tidal bore 
 
Fig. 7 - Time-variations of water depth and instantaneous velocity components during the Sélune River tidal 
bore on 25 September 2010 about the passage of the tidal bore 
 
Fig. 8 - Suspended sediment characteristics in the Garonne River tidal bore on 15 November 2016 
(A) Time variations of the suspended sediment concentrations of water samples (solid symbols) and 
instantaneous suspended sediment concentration estimates - Instantaneous SSC in red and mean (low-pass 
filtered) SSC in yellow - Comparison with the instantaneous suspended longitudinal velocity component 
(B) Time variations of the characteristic grain sizes d10, d50 and d90 - Comparison with the river bank mud 
median grain sizes (cross and asterisk symbols) - Note the different vertical scales for d10 and d50 (left 
vertical axis) and d90 (right vertical axis) 
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10.1080/21664250.2018.1529265) (ISSN 0578-5634). 
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Fig. 1 - Tidal bore photographs 
(A) Tidal bore of the Qiantang River at Yanguan (China) on 23 September 2016 about 16:00 - Note the bore 
impact onto the Qiantang river Bore Observation Station (QBOS) 
 
 
(B) Tidal bore of the Qiantang River at Jiuxi, Hangzhou (China) on 20 September 2016 about 16:10 - Bore 
rebound on the vertical sluice gate structure - Jiuxi is located about 58 km upstream of Yanguan 
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(C) Tidal bore of the Sélune River at La Roche Torin, Bay of Mt St Michel (France) on 7 April 2004 
 
 
(D) Tidal bore of the Sélune River at Pontaubault, Bay of Mt St Michel (France) on 7 April 2004 - 
Pontaubault is located 7.5 upstream of La Roche Torin and the tidal bore arrived 51 minutes later on that day 
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(E) Undular tidal bore of the Dordogne River at Port de St Pardon (France) on 27 September 2008 afternoon 
- Note the kayakists on in front of second wave crest and the surfer riding ahead of the third wave crest 
 
(F) Undular tidal bore along the Canal à la Mer between Port de Brevands and Carentan (France) on 19 May 
2015 about 21:15 
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Fig. 2 - Tidal bore warning sign along the Qiantang River at Laoyanchang (China) on 23 September 2016, 
with a policeman behind the sign (far right) 
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Fig. 3 - Photographs of field experimental sites 
(A) Garonne River tidal bore in the Arcins channel (France) on 31 August 2015 afternoon 
 
 
 
(B) Sélune River tidal bore at La Pointe du Grouin du Sud, Bay of Mt St Michel (France) on 24 September 
2010 evening - La Pointe du Grouin du Sud is located 2 upstream of La Roche Torin 
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(C) Map of France and sketches of the channels of the Garonne and Sélune Rivers 
 
 
 
REUNGOAT, D., LUBIN, P., LENG, X., and CHANSON, H. (2019). "Tidal Bore Hydrodynamics and Sediment 
Processes: 2010-2016 Field Observations in France." Coastal Engineering Journal, Vol. 60, No. 4, pp. 484-498 (DOI: 
10.1080/21664250.2018.1529265) (ISSN 0578-5634). 
 
27 
Fig. 4 - Surveyed channel cross-sections looking downstream - Bed elevation, free-surface elevation shortly 
prior to tidal bore and immediately after the bore front passage (conjugate depth) 
(A) Garonne River tidal bore in the Arcins channel (France) on 1 September 2015 
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(B) Sélune River tidal bore at La Pointe du Grouin du Sud, Bay of Mt St Michel (France) on 25 September 
2010 
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Fig. 5 - Free-surface characteristics of tidal bore field observations 
(A) Relationship between conjugate cross-sectional area ratio A2/A1 and Froude number Fr1: comparison 
between field observations (blue symbols), momentum principle solution for an irregular channel (Eq. (1), 
black hollow circles) and the Bélanger equation (Eq. (5), solid line) 
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(B) Dimensionless wave amplitude aw/(A1/B1) of undular tidal bores - Comparison between field 
observations (Blue symbols, same legend as Fig. 4A), linear wave theory (LEMOINE 1948) and Boussinesq 
equations (ANDERSEN 1978) 
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(C) Wave length Lw/(A1/B1) of undular tidal bores - Comparison between field observations and Boussinesq 
equation (ANDERSEN 1978) (Same legend as Fig. 4B) 
Fr1
L w
/d 1
, L
w/(
A 1
/B 1
)
1 1.2 1.4 1.6 1.8
0
2
4
6
8
10
12
14
16
18
20
22
Boussinesq equation
Daly 2003
Garonne 2010
Sée 2012
Garonne 2013
Garonne 2015
Garonne 2016
 
 
REUNGOAT, D., LUBIN, P., LENG, X., and CHANSON, H. (2019). "Tidal Bore Hydrodynamics and Sediment 
Processes: 2010-2016 Field Observations in France." Coastal Engineering Journal, Vol. 60, No. 4, pp. 484-498 (DOI: 
10.1080/21664250.2018.1529265) (ISSN 0578-5634). 
 
30 
Fig. 6 - Time-variations of water depth and instantaneous velocity components during the Arcins channel 
tidal bore on 1 September 2015 
(A) Water depth and longitudinal velocity - Surface velocities were recorded on the channel centreline - 
Green triangle (Backward bore) indicates time of passage of backward bore at sampling site 
 
 
 
(B) Velocity components about the passage of the tidal bore 
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Fig. 7 - Time-variations of water depth and instantaneous velocity components during the Sélune River tidal 
bore on 25 September 2010 about the passage of the tidal bore 
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Fig. 8 - Suspended sediment characteristics in the Garonne River tidal bore on 15 November 2016 
(A) Time variations of the suspended sediment concentrations of water samples (solid symbols) and 
instantaneous suspended sediment concentration estimates - Instantaneous SSC in red and mean (low-pass 
filtered ) SSC in yellow - Comparison with the instantaneous suspended longitudinal velocity component 
 
 
 
(B) Time variations of the characteristic grain sizes d10, d50 and d90 - Comparison with the river bank mud 
median grain sizes (cross and asterisk symbols) - Note the different vertical scales for d10 and d50 (left 
vertical axis) and d90 (right vertical axis) 
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